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7. RE- ENTRY HAZARDS

7.1 DEFINTION AND NATURE OF RE- ENTRY

Re-entry occurs when an orbiting spacecraft conmes back into the
Earth's atnosphere.™® Any object placed in Earth orbit wll
eventually de-orbit and re-enter the atnosphere; this includes
| aunch and breakup debris of satellites and spent rocket stages.
Above 200 niles altitude, space is considered a perfect vacuum ?
Inreality, space is never a perfect vacuumand regardl ess of the
orbital altitude of an object, it creates drag which eventually
degrades the satellite's orbit. The solar wind and sol ar fl ares
i npinge on orbiting spacecraft and gravitational perturbations
(both terrestrial and luni-solar) nodify the spacecraft orbit and
shorten its lifetine in space. The result is that spacecraft
tend to spiral slowy towards the Earth's surface. Wen objects
re-enter the atnosphere, their orbits decay rapidly and many of
them burn up prior to inpacting the Earth's surface.

There are two different sets of conditions associated with either
controlled or uncontrolled de-orbit to consider when evaluatin%
risk from re-entering satellites and other space debris. (1516
Controlled de-orbit wusually applies to nmnanned and reusable
spacecraft which are designed to survive re-entry and be

recover ed. In this situation, retrorockets are fired at a
scheduled tinme in order to place the vehicle into a transfer
orbit which intersects the surface of the Earth. If the Earth
had no atnosphere, the intercept point would be the intended
i npact point. Wth the atnosphere, however, the vehicle
decelerates further and falls short of the predicted vacuum
i npact point. The inpact point still can be predicted reasonably
accurately under these conditions. Thus, the controll ed de-orbit
can be pl anned so the spacecraft will inpact near a predeterm ned

recovery point, mnimzing the risk of inadvertent inpacts on
shi ps or ground and sea structures.

There are three major sources of uncertainty associated wth
predicting uncontrolled re-entry characteristics, nanely: the
at nospheric conditions at the tinme an object begins to re-enter,
the tinme of actual inpact with the Earth's surface and the area
inwhichthe re-entering object will inpact. These uncertainties
associated with uncontrolled re-entry increase proportionately
with the object's orbital altitude and on orbit lifetine.

When an obj ect has been orbiting for a period of tinme, a nunber
of changes could have taken place over its lifetine. If the
spacecraft failed in sone way before it reached final orbit, its
orbital paraneters (inclination and eccentricity) could have
changed. It may have strayed from its planned orbital path,
failed to achieve final orbit or broken up in an expl osion
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causing pieces to disperse in different directions. Al of these
failure nodes have a direct inpact on the variables (surface
area, mass, shape of fragnents and orbital characteristics) used
in the prediction of re-entry hazards.

Smal | changes in orbital characteristics can drastically affect
the manner of an object's passage through the atnosphere. The
frictional heating and drag (deceleration) experienced in the
at nosphere have large effects on the object. Small deviations
from the predicted conditions of re-entry may result in |arge
differences in re-entry hazards and the associated casualty
expectation (see Section 7.6). These differences could be due to
further break up caused by the shock of entering the atnosphere
at high velocity, the burning and ablation (vaporization)
experienced during re-entry or changes in direction or velocity
due to the weather and wind conditions that slow re- entering
fragnents differentially at |ower altitudes.

7.2 ORBI TAL DECAY

The basi c concepts of energy and angul ar nonentum (see Ch. 4) can
be used to answer nost questions dealing wth orbital and re-
entry trajectories. They are used to predict the initial re-
entry point and probable ground inpact points. O biting
satellites control their positions in space by using small rocket
thrusters, thereby changing their velocity and direction. This
process is called "station-keeping" and requires rocket fuel and
speci al on board communications and control equi prent .
Therefore, it is possible, to sone extent, to choose the initial
at nospheric re-entry point when dealing with controlled re-
entry.® However, few satellites have the ability, capacity or
|ife expectancy to provide the station-keeping capability towards
the end of their life.

All space objects that orbit the Earth do so because of the
various forces acting on them These forces change the position
and velocity of the object relative to Earth in such a way that
their orbital characteristics beconme very predictable. The
Satellite Surveil |l ance Center (SSO), US Space Command
(USSPACECOV), within the Cheyenne Myuntain Conplex in Col orado,
nmoni tors each satellite's past and present positions and predicts
its future using these various orbital characteristics and
dynam c processes. To determne a satellite's position at any
given tinme, the conputer uses an al gorithm based on the | aws of
Space Mechanics. (2312 The conputer can predict the orbital path
of the object with the object's historical position and velocity
informati on. The Space Surveillance Center (SSC) of the US Space
Command processes tracking and nonitoring data obtained by the
Space Surveillance Network (SSN) to predict re-entries. Space
debris of the nore than 90 satellite collisions or spontaneous
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break ups and 20 payl oad expl osions i n space have been docunent ed
to date (see al so Chapter 6).(+5®

External perturbations due to the Earth's oblateness, the
gravitational tugs of the Sun and Mbon, the solar plasm storns
and at nospheric friction cause | ong-termchanges in the orbital
paraneters of satellites. These forces also affect the on orbit
l[ifetime and re-entry. Theoretically, all forces acting on near -
Earth satellites can affect a satellite's on orbit lifetime. The
effects of solar storns on the atnosphere and the obl at eness of
the Earth have a nuch nore significant effect than the
gravitational attractions of the Sun, Mboon and the ot her pl anets.
NASA/ Mar shal | scientists have taken these factors into account in
designing an orbital lifetinme prediction program This program
called LIFTIM uses a direct nunerical integration of the tine
rates of change due to atnospheric drag using a Gauss-Legendre
procedure in conjunction with the Jacchia at nosphere nodel . (®

An orbiting object |oses energy through friction with space
pl asmas above the atnosphere so that it falls into a slightly
| ower orbit and eventually spirals towards the Earth's surface.
As the object's potential energy, represented by its altitude, is
converted to kinetic energy, its orbital velocity increases. As
an object's orbital trajectory is brought closer to Earth, it
speeds up and outpaces others in higher orbits. Thus, a
satellite's orbital altitude decreases gradually while its
orbital speed increases. Once it enters the upper reaches of the
at nosphere, atnospheric drag will slow it down nore rapidly and
eventual ly cause it to fall to Earth.(*

At nospheric drag, particularly near perigee, |eads to the gradual
de-orbit and re-entry of satellites. Satellites in LEOwth |ess
than 90 m nute periods, corresponding to orbital altitudes of
100- 200 nm (or 185-370 km), re-enter within a coupl e of nonths.
Above about 245 nm (455 km orbital altitudes, orbital lifetines
exceed several years. Above about 500 nm (900 km altitudes
orbital lifetinmes can be as long as 500 years.® Figure 7-1(a &
b) illustrate Earth orbit lifetinmes of satellites as a function
of drag and ballistic coefficients (see Section 7-3) for circul ar
(e=0) and elliptical orbits with a range of altitudes. For
elliptical orbits, the |lower the perigee altitude, the higher is
t he apogee decay rate (P) and the shorter the on-orbit lifetine.
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The ballistic coefficient & is equal to WCA, where Wis the
spacecraft weight, C,is the drag coefficient (which varies with
shape) and A is the projected frontal area of the re-entering
object. The nore mass per unit area of the object, the greater
the ballistic coefficient and the less the object wll be
consuned during 1its atnospheric crossing. The ballistic
coefficient of a piece of debris is an inportant variable in the
decay process as illustrated in Figure 7-1(a & b). A fragnent
with a large area and |l ow mass (e.g., alumnumfoil) has a |low &
and wi || decay nuch faster than a fragnent with a snmall area and
a high mass (e.g., a ball bearing) and will have a shorter
orbital life. The conbination of a variable atnosphere and
unknown ballistic coefficients of spacecraft and |aunch and
orbital debris make decay and re-entry prediction an inexact
sci ence at best. ("

An exam nation of 104 successful space | aunches of 1985 reveal ed
that the payloads fromno |ess than 47 had re-entered within a
year of launch. As a rule of thunb, it is suggested that about
70 percent of the annual mass put into orbit re-enters the
at nosphere within 1 year of |aunch. Anot her 5 percent of the
ori ginal annual mass may be expected to re-enter within 5 years
from | aunch. ® For exanple, fromJuly 1 to October 1, 1987, of
the 121 objects which de-orbited, 53 were payl oads |aunched in
t hat period. (*?

USSPACECOM s SSC currently tracks about 7000 catal oged objects
and may i ssue Tracki ng and | npact Prediction (TIP) nmessages which
predict re-entry tinmes and points of inpact for about 500 re-
entries each year. For exanple, in 1979-1980, 900 new objects
were catal oged, but the total tracked popul ation decreased by
300. The satellites were "purged" during the solar sunspot
maxi mum whi ch effectively increased the atnospheric density in
LEOQ, thus, increasing orbital decay rates. Atnospheric drag is
directly related to solar activity: H gh solar activity heats
t he upper atnosphere, increasing the atnospheric density by nore
than 10 tinmes the average density at nost satellite altitudes.
This exerts a greater braking force on satellites and causes an
above average nunber of objects to re-enter the atnosphere.(®
Thus, satellites decay in nmuch greater nunbers near Sunspot
maxi mum than at a time of low solar activity (Figure 7-2).(0
Hence, the 11 year sunspot cycle is a periodic natural "sink"
renmoving orbiting satellites fromthe near-Earth environnent and
t hereby increasing re-entry hazards.
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During the past 5 years there have been an annual average of 548
decays fromlower altitude orbits (i.e., about three satellites
re-entering every 2 days). Al nost 83 percent of Earth satellites
reside in LEO orbits (see Chapter 6) with periods of |less than
225 mn (about 4 hrs) and are near termre-entry candi dates (see
Figs.4-3 and 7-1). The total nunber of satellite decays per year
is shown in Figure 7-3. (1D
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7.3 RE-ENTRY SURVI VABI LI TY
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at nosphere, a shock wave forns ahead of the vehicle, heating the
at nosphere in this region to very high tenperatures. The high
tenperatures due to friction with at nosphere reduce the vehicle's
velocity and convert the vehicle's potential energy into heat
absorbed by the object and its wake. |If the vehicle sl ows down
qui ckly, the total amount of heat to be absorbed by the vehicle
is reduced. This explains the blunt (high drag) shape of re-
entering spacecraft in the pre-shuttle manned space program
However, the total heat generated in the shock wave is still too
great to be absorbed by netals which heat up and nelt.
Therefore, since it takes significantly nore heat to vaporize
material than to heat or nelt it, materials used in heat shields
wer e desi gned to abl ate (vaporize) in the presence of the extrene
tenperatures. The net effect is that ablative protection allows
objects to survive re-entry.

If the total energy of the spacecraft were converted to heat, it
woul d vaporize the vehicle. The survival of neteorites to ground
inmpact is proof that not all of the energy is converted into
heat, but enough is converted to cause surface ablation.
Actually, a large portion of the total energy is diverted away
fromthe vehicle. |f the object conducted the heat away fromthe
forward surface and the total body could absorb the heat of re-
entry without breaking up, then the object would re-enter the
Earth's atnosphere and descend to Earth in a predictable way. (*?
Heat shi el ds and speci al shaping of forward surfaces are used to
mnimze frictional heating effects on the rockets and payl oads
during space launches, to protect them from heat and contro
abl ati on.

Surface heating effects depend on the vehicle's shape,
conposition, altitude and velocity. For re-entry at small angl es
of inclination when the vehicle deceleration rate is small, the
surface heating rate is correspondingly small. For re-entry at
| ar ge angl es of inclination where the vehicle decelerates rapidly
in the atnosphere, the surface heating rate will be greater but
the tine spent in the atnosphere will be shorter.®

Spacecraft which are not designed to survive re-entry generally
do not have ablative surfaces nor are they very stable
aerodynamcally. The usual sequence of events in the re-entry
process is as follows:

1. As the vehicle starts to re-enter, heat is generated by the
shock wave and a portion is absorbed by the surface of the
structure. As the structure heats up thermal energy is
radi ated out at a significantly ower rate than it is being
absor bed.

2. The heated structure weakens and when t he aer odynam c forces
exceed its structural strength, it starts to cone apart.
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3. The heating process continues on the remai ning parts of the

structure, repeatedly breaking it up into still smaller
pi eces.
4. These structural pieces continue to heat up and eventual ly

melt and vaporize if there is sufficient tenperature and
time exposure. Sone structural el enments can survive if they
are massi ve or were shielded fromthe heat by other parts of
the structure.

After the atnospheric re-entry point has been predicted, various
ot her conditions nust be taken into account to predict a ground
i npact point. Some of these conditions are orbital corrections
due to frictional heating, break up due to atnospheric shock

drag and prevailing neteorol ogical conditions. Al'l of these
factors are inportant when assessing the hazards from re-
entering objects to people and property. (2

7.4 RE-ENTRY | MPACT PREDI CTI ON

The ground trace of an orbit is the path over which the satellite
orbits the Earth (see Figure 7-4). If there were a string
between the center of the Earth and a satellite, the course
mar ked by the intersection of the string with the surface of the
Earth woul d be the trace of the orbit. Depending on the orbit,
this ground trace could cover a |arge portion of the surface of
the Earth (see Figure 7-5). If a satellite is tracked on a
regul ar basis, it is possible to anticipate its approxi mte re-
entry tinme and make an approximate prediction of the inpact
poi nt. However, this does not give control over the position of
t he i npact point and inpact prediction uncertainties are usually
rather large (on the order of 10's to 100's of mles).

One of the nost critical factors in the re-entry process is the
ballistic coefficient of the object, as discussed above. The
ballistic coefficient is the ratio of gross weight to the drag

coefficient nultiplied by the reference area (WGCA). The
rel ati onship between the ballistic coefficient and the orbital
lifetime is also linear, as illustrated in Figure 7-1(a & b).

Smal | particles tend to have shorter lifetines at a given orbital
altitude than | arger ones. This has been observed in the case of
solid rocket notor debris where neasurenents nmade shortly after
nmotor firings have shown a rapid increase in debris |levels, but
relatively rapid decay of snall debris.

A second indirect confirmng observation is the shape of the

debris flux curve as a function of debris size.(®
(See Chapter 6).
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As a satellite re-enters the atnosphere it decelerates. As
di scussed above, the deceleration rate is a function of many
variables: entry angle, lift to drag ratio (L/D), the ballistic

coefficient, the orbital paranmeters, the Earth's rotation and
obl at eness, atnospheric density aberrations and wi nds. The entry
angle and ballistic coefficient affect the chance that a
satellite or debris object wll survive re-entry and | anding

The satellite may skip due to the lift caused by the object's
angl e of attack upon entering the atnosphere, each skip
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associated with a change in velocity, speed and entry angle. As
di scussed in Chapter 4, every orbit has an angle of inclination,
whi ch al ong with the apogee and perigee, defines the trace of an
orbit.

During re-entry the original orbital inclination of the satellite
remains relatively constant. This holds for the inclination
angl e of pieces of the satellite that return separately as well
as pieces of a satellite which break up during re-entry. This
near consistency holds because the magnitude of the orbital
velocity in the inclination plane is very |arge. A vertica
(radial) change in velocity does not change the orbital angle of
inclination, but it changes the atnospheric entry angle (called
radiant). A change in the velocity conponent perpendicular to
the plane of the orbit may affect the angle of inclination, but
t he magni tude of this change is m nor conpared to the magnitude
of the velocity in the orbital plane.

7.5 | MPACT DI SPERSI ONS

Most satellites to date have been inserted into orbit withlittle
or no consideration given to their eventual re-entry. The
primary reason for this is that re-entering satellites are not
likely to result in hazardous inpacts given that 2/3 of the
Earth's surface area is covered by oceans. Most of the objects
which re-enter are likely to fragnent and burn up in the upper
at nosphere and neke only negligible changes in its chem cal
conposition. Even if an object does survive, only one third of
the Earth is land area and only a small portion of this | and area
is densely popul ated, so the chance of hitting a popul ated | and
area upon re-entry is relatively small

There is no standard way of conputing inpact dispersions
currently. The cal cul ations are two-fold. Estimates nust be
made for the nunber of pieces which will survive re-entry and the
area over which each piece could cause damage, the "casualty
area." For each piece of debris that wll survive re- entry, a
man- border area is added to the representative area of each
incom ng piece (see Volune 3, Chapter 10). The representative
area i s the maxi mum cross section area of the re-entering piece
of debris. The man-border allowance is wusually a ten inch
addition in the radius to allow for the center of a person
standi ng outside the actual inpact radius but close enough to be
hurt.(® The splatter and rebound of fragnents from hard ground
i npact nust al so be considered in these cal cul ati ons.

7.6 RE- ENTRY HAZARD ANALYSI S
Most re-entering satellites and space debris are not controlled

and the uncertainties of orbital decay are such that inpact areas
cannot be determ ned. Re-entry risk estimtion generally assunes
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that the satellite can inpact anywhere on Earth between the
maxi mum northern and southern latitudes associated with the
inclination of the orbit (see Figure 7-4).(® Uncontrolled re-
entry may be due to |l aunch failures when the spacecraft fails to
achieve final orbit, when the perigee/apogee kick notors
mal function and retain the satellite in a degradable transfer
orbit or from second and upper stages jettisoned in orbit after
burn out.

The probability of a re-entering spacecraft and/or its fragnents
landing within a particular latitude band depends on both the
orbital inclination and the | atitude spread of the ground track.
Satellites in orbit spend di sproportionately nore tinme within the
1° wi de band near the maxi mum | atitudes. This is due to the

change in direction of the satelliteinthis area, illustrated in
the orbital ground trace of Figure 7-5, andis clearly visible in
the probability distributions shown in Figure 7-6. In thi

S
figure the sharp peaks for each angle of inclination occur in a
very small range around the |atitude extrenes. The probability
of inpacting within a specified |longitude range is assuned to be
uniform (equi-probability over 360°  of | ongi t ude). A
correspondi ng bivariate probability density can be constructed
for the location of such randomdebris inpact. This assunes that
the satellite or debris from the satellite survive the
aerodynam c heating of re-entry. Once the probability density for
ground inpact has been established, the distribution of
popul ation within the probabl e i npact area nust be consi dered, as
showmn in Figure 7-7.(19 In this figure the population
distribution is <conbined for the northern and southern
hem spheres as a matter of convenience. Although the popul ation
nunber and distribution has changed in the interim the approach
used in Fig. 7-7is still valid.™ An orbiting object will spend
an equal anount of tine, within a certain band wi dth, on both the
north and south sides of the equator.

The casualty expectation is usually conputed using the fornul a:
E.=P, x (Popul ation Density) x A

VWere P, is the inpact probability, the popul ation density is the
nunber of inhabitants per unit area, and A. is the casualty area
of the debris that survive to inpact. Figure 7-8 presents an
updat ed worl d-wi de (average) casualty expectation, as a function
of orbital inclination angle and debris inpact casualty area.
In the exanple shown, a satellite in an orbit inclined at 26°
with debris having a casualty area of 100 sq. ft., w Il produce
"on the average" 1.2 x 10“ casualties upon re-entry. (351  This
transl ates to one chance in 8333 of a casualty resulting fromre-
entry of this satellite. This is due to the unpredictability of
the inpact area during uncontrolled re-entry as opposed to the
| ocal i zed casualty area during | aunch.
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Wth no control over the tine and | ocation of re-entry, inPact
could occur in any country between the latitudes of * 26° (1619
Up to now, there have been no reported |and inpacts, danage
and/ or casualties by re-entry debris.(?®  Roughly 100 of the
approxi mately 3,100 objects resulting from 44 | aunches between
1956- 1972 have survived re-entry and were recovered. (2
ldentified re-entry debris include such diverse itens as: tank
pi eces, nozzl e pieces, snmall spherical gas tanks, plastic shrouds
and ot her fragnents. (29

Particular re-entry hazards to the public are posed by orbiting
nucl ear payl oads. Since 1961, both the US and the Sovi et Union
have | aunched nucl ear power cells into space (See Table 7-1).
While there have been no comercial payloads wth nuclear
materials, it is inportant to discuss generic re-entry hazards of
this type. To date , such m ssions have required detailed risk
anal ysis and interagency review However, the US has |aunched
passi ve, naturally decaying nuclear fuel cells, while the USSR
has orbited RORSAT satellites with active nuclear reactors at
relatively low altitudes in orbits which decay in a matter of
days to weeks. Twenty eight such Soviet nuclear satellites were
| aunched between 1967 and 1985, each carrying roughly 50 kg of
WP, O these, 26 have been transferred successfully into higher
altitude parking orbits (over 900 km at their end of duty to
permt decay of radionuclides before re-entry. However, at | east
six have failed and wundergone uncontrolled re-entry and
at nospheri c break up, one showering debris over N. Canada in 1978
and two others over the Indian Ccean in 1983 and 1987. In
contrast, the US nuclear fuel cells are designed to survive
at nospheric re-entry and inpacts. Three radio-isotope thernal
generator (RTG power supplies accidentally re-entered as a
result of launch and/or orbital insertion failures (in 1964, 1968
and 1970); no undue public exposure to radioactivity resulted
fromany of these. (¥

Al though the possibility of a satellite landing in a popul ated
area is small, the hazards are real and in certain instances,
potentially very serious. Cosnpbs 954, the Soviet nuclear
satellite that scattered nucl ear debris over Canada upon re-entry
and caused over $12 million in damages and cl eanup costs i s one
exanpl e of a potentially serious re-entry hazard. (?) Fortunately,
several other failed or deactivated Sovi et RORSAT and US nucl ear
satellites have returned over oceans (Table 7-1). |Issues rel ated
tore-entry hazards are currently under active re-exam nati on and
are under goi ng research.
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TABLE 7-1 RE-ENTRIES OF SPACE NUCLEAR POWER SUPPLIES (REF. 15)

TYPE OF
NAME LAUNCH DATE RE-ENTRY POWER SUPPLY COMMENTS

USA Transit 5 BN3 21 April 1964 21 April 1964 Radioisotope Launch failure. SNAP SA
destroyed over Indian Ocean

Nimbus B 18 May 1968 19 May 1968 Radioisotope Launch failure. SNAP 19
recovered off California coast.

Apollo 13 11 Aprii 1970 17 Aprit 1870 Radioisotope SNAP 27, designed for deposit
on lunar surface, re-entered
over Pacific Ocean during
emergency return of Apolio
13 astronauts.

USSR - 25 January 1969 25 January 1969 Reactor Possible launch failure of
ocean surveillance satellite.

Kosmos 300 23 September 1969 27 September 1969 One or both of these payloads
Radioisotope may have been a Lunikhod,

Kosmas 305 22 October 1969 24 October 1969 designed for remote
exploration of the Moon
carrying a Po2'0 heat source.
Upper stage malfunction
prevented payloads from
leaving Earth orbit.

- 25 April 1973 25 April 1973 Reactor Possible launch failure of
ocean surveillance satellite

Kosmos 954 18 September 1977 24 january 1978 Reactor Payload malfunction caused
re-entry near Great Slave
Lake in Canada. Local
contamination detected

Kosmos 1402 30 August 1982 23 January 1983 Reactor Payload Failed to boost to
storage orbit on 28 December
1982.
7 February 1983 Fuel core Reactor re-entered at 2505,
840 E. Fuel core re-entered at
190§,220W.
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